Abstract: Laplacian electroencephalogram signal from novel and noninvasive tripolar concentric ring electrodes has been demonstrated to have superior performance compared to the electroencephalogram from conventional disc electrodes due to its unique capabilities which allow automatic attenuation of common movement and muscle artifacts in applications including braincomputer interface, seizure onset detection, and detection of high-frequency oscillations and seizure onset zones. This review paper covers the recent advances in the fields of high-frequency oscillations and seizure onset detection based on tripolar Laplacian electroencephalography in animal models and human data to improve the diagnostic yield of electroencephalography for epilepsy. Progression of methodologies utilized including integration of multiple sensors using exponentially embedded families and results obtained including a comparison to the results of others as well as to the performance of the same detector on simultaneously recorded electroencephalogram via conventional disc electrodes is discussed in detail. Specific advantages of using this particular sensor for these particular applications are highlighted. Promising directions for the future work and an overview of currently ongoing research are discussed along with the potential of combining the two detectors and using automatically detected high-frequency oscillations that have been shown to be indicative of early seizure development as auxiliary features for the seizure onset detection.
Introduction
Epilepsy affects approximately 67 million people worldwide with up to 75% from developing countries [1] . Diagnosing epilepsy using electroencephalogram (EEG) is complicated due to its poor signal-to-noise ratio, high sensitivity to various forms of artifacts, and low spatial resolution. Detection of epileptic electrographic patterns can enhance diagnostic procedures during seizures and help to differentiate epileptic seizures from other conditions with seizure-like symptoms [2] . Automatic seizure detection also reduces the exhaustive manual review of EEG recordings. Therefore, improving the sensitivity and specificity of EEG as a predictor of seizure onset is of critical importance and would help reduce misdiagnosis and avoid over and under treatment.
Noninvasive tripolar concentric ring electrodes (TCREs) perform the second spatial derivative (surface Laplacian) to alleviate the blurring effects due to the skull and have very high common mode noise rejection providing automatic artifact attenuation, -100 dB one radius from the electrode [3] . Compared to EEG with conventional disc electrodes Laplacian EEG via TCREs (tEEG) has been shown to have significantly better spatial selectivity (approximately 2.5 times higher), signal-to-noise ratio (approximately 3.7 times higher), and mutual information (approximately 12 times lower) [4] . Because of its ability to attenuate common movement and muscle artifacts tEEG found numerous applications in a wide range of areas including brain-computer interface [5, 6] , seizure onset detection [7] [8] [9] [10] [11] , detection of high-frequency oscillations (HFOs) and seizure onset zones [1, 12] , etc.
This review paper covers the recent advances in the fields of HFOs and seizure onset detection based on tEEG in animal model and human epilepsy patient data. There is growing evidence that increased HFOs within several frequency bands >30 Hz may be indicative of early seizure development [13] [14] [15] . We have shown feasibility of recording HFOs with TCREs and their presence in tEEG prior to the onset of behavioral seizure manifestations in all our animal [12] and human epilepsy patient [1] seizure data. For seizure onset detection a progression of methodologies was proposed and validated including cumulative sum algorithm (CUSUM) [7] and generalized likelihood ratio test (GLRT) as well as disjunctive combination of the two [8] on pentylenetetrazole (PTZ) induced seizures in rats. Next an approach with three tEEG based features including median absolute deviation, approximate entropy, and maximum singular value serving as inputs to two classifiers including the support vector machines and adaptive boosting was validated on animal model tEEG and publicly available human epilepsy patient EEG data [9] . Unlike all the previous work where data from a single TCRE was used for seizure onset detection [7] [8] [9] , in our recent studies data from multiple TCREs was integrated using the exponentially embedded family (EEF) approach that has been proposed for multi-sensor (or multi-channel) detection [16, 17] . Applied to hypothesis testing, EEF has been shown to have superior performance compared to existing methods for cases where sensor outputs are not independent [16, 17] . EEF based seizure onset detection has been validated on tEEG data both from the animal model [10] and human epilepsy patients [11] . The latter study included a comparison to the EEF performance on simultaneously recorded conventional EEG data [11] as well as a comparison to the EEG based results of others [2, 18, 19] .
Advances in HFO detection using tEEG

Animal Model
In [12] we demonstrated feasibility of recording HFOs up to 300 Hz in tEEG during PTZ-induced seizures in rats. We compared the power of electrographic activity at different stages of seizure development (baseline, ictal, and postictal) in a group of rats (n = 8) using grand average power spectral density estimates. The GLRT was used to assess statistical significance of differences in power of electrographic activity between the three stages. The results showed an increase in tEEG power at the ictal stage of seizure (assessed prior to the first myoclonic jerk to minimize the presence of seizure-induced movement artifacts) compared to the baseline stage that appears to be evenly distributed across the spectrum including the HFO bands of gamma activity (30-80 Hz), ripples (80-250 Hz) and partial fast ripples (250-300 Hz). Moreover, the power of the ictal segments was significantly higher (p = 0.01) than the power of the baseline segments for all the animals (n = 8) in all evaluated frequency bands including the cumulative HFO frequency range (30-300 Hz).
The importance of this study stemmed from the fact that, unlike tEEG, EEG via conventional disc electrodes is limited in its ability to record HFOs from the scalp to ripples only [20] .
Human Data
In [1] we demonstrated feasibility of recording HFOs with tEEG and their potential for early seizure onset detection and seizure onset zone detection on data from 5 epilepsy patients with clinical seizures. TCREs were placed directly behind the disc electrodes in the standard 10-20 system locations used in the hospital and the conventional disc EEG and tEEG were recorded concurrently. Looking at the data up to an hour prior to the onset of the seizures HFOs preceding seizures were present in tEEG data from all five patients whose seizures were recorded and absent in the corresponding EEG data. The average percentage of the total number of tEEG channels recorded that contained HFOs was equal to 35.5% (patient minimum: 5.3%; maximum: 73.7%). Out of all the tEEG channels that contained HFOs an average of 78.2% (patient minimum: 42.9%; maximum: 100%) were also within the seizure onset or irritative zones determined independently by three epileptologists based on conventional EEG data and videos. While HFO activity may have occurred in the tEEG at other times during the recordings its bandwidth narrowed sharply and the power increased just prior to seizure onset.
This study confirmed that tEEG is capable of recording HFOs from scalp as well as attenuating myogenic activity and movement artifacts compared to conventional EEG and suggested the potential of recorded HFOs as markers of early seizure development. While the upper limit for detecting HFOs on the scalp is not established, in this study we have detected HFOs preceding seizures in gamma, ripple, and fast ripple bands at frequencies up to 425 Hz [1] .
Advances in seizure onset detection using tEEG
Animal Model
Early CUSUM/GLRT based seizure onset detection methodologies proposed in [7, 8] were based on detecting the changes in signal power since our previous results indicated a significant increase in tEEG power corresponding to seizure onset using population grand average power spectral density estimates [21] and frequency band analysis [7] . An average seizure onset detection accuracy of 76.14% was obtained for the test set (n = 13) with detection of electrographic seizure activity accomplished in advance of the early behavioral seizure activity in 76.92% of the rats [8] .
In [10] EEF integrating data from three TCREs vas validated. While the overall accuracy obtained using EEG on a subset of the dataset from [8] was comparable to the one obtained using CUSUM/GLRT (81.7% vs 79.8%), EEF outperformed CUSUM/GLRT with more than twice the sensitivity (69.4% vs 29.1%) and comparable specificity (95.9% vs 98.3%), higher percentage of rats with seizure onset detected prior to the first myoclonic jerk (100% vs 80%), and faster response from PTZ injection to seizure onset detection (18.2 s vs 26.6 s). Moreover, disjunctive combination (logical OR) of detections from EEF and CUSUM/GLRT did not show a significant improvement over EEF suggesting near optimal performance of EEF for this dataset [10] .
Improvement obtained using EEF in [10] is likely due to the fact that tEEG via TCRE decreases mutual information, increasing the level of independency between electrodes compared to EEG via conventional disc electrodes [4] . Due to the significantly lowered mutual information multiple TCRE sensors collect more independent local data. Therefore, integration of multiple TCREs increases the total information possibly improving seizure detection. Further, with EEF the weights for each channel are estimated from the samples making it a robust method. In [10] we have shown that contribution of a channel is proportional to the amount of useful information it contains.
Human Data
In [11] EEF integrating data from 19 TCREs was validated on over 26.3 hours of data collected from 7 human patients with epilepsy including five seizures. A non patient-specific model was used through k-fold cross-validation with each fold representing all the available data from a single patient to ensure direct comparison with results of others [2, 18, 19] . Sensitivity (correct detection rate), selectivity (false positive detections per hour, FPH), and detection delay were analyzed on EEG and tEEG data. For EEG data average sensitivity of 80%, selectivity of <1.56 FPH, and delay of 10 s were obtained. These results are comparable to results of others obtained on large scalp EEG datasets: in [18] sensitivity of 90.9%, selectivity of 0.29 FPH, and delays of 10-44 s were reported. In [2] sensitivity of >96%, selectivity of <0.5 FPH, and average delay of 1.6 s were obtained. Finally, in [19] sensitivity of 76%, selectivity of 0.34 FPH, and a median delay of 10 s were reported. More importantly, applying EEF to tEEG data we obtained average sensitivity of 100%, selectivity of <0.76 FPH and delay of 31 s.
This study demonstrated the following: first, the same EEF detector showed better performance on tEEG data compared to conventional EEG with higher sensitivity and less than half the FPH confirming the potential of using tEEG for seizure onset detection. Second, even on EEG data the EEF detector performed on par with the results reported by others while the results obtained with EEF on tEEG data suggested the possibility on improving on results of others with EEF applied to tEEG.
Discussion
Our recent seizure onset detector based on integration of multiple TCREs using EEF outperformed all the previously proposed detectors on animal model data [10] . Moreover, on data from human epilepsy patients this detector not only showed the results on par or better compared to the results of others [2, 18, 19] but its performance on tEEG data was directly compared to performance on simultaneously recorded conventional EEG data once again confirming the advantage of TCREs over conventional disc electrodes [11] . Recording HFOs with scalp EEG is very difficult [20] but we recently showed on data from animal model [12] and human patients with epilepsy [1] that they can be recorded with tEEG.
The next fundamental direction of future work will be to assess the potential of using HFOs, that have been shown to be indicative of early seizure development [13] [14] [15] , as auxiliary features for seizure onset detection. Adding a separate HFO detector or giving more weight to features in the HFO frequency range may not only improve the detection accuracy but decrease the detection delay allowing for a quicker seizure control. In [1] HFO detection was performed using visual inspection (i.e. manually) and only during up to an hour before the seizure onset on a dataset collected from a limited number of patients with epilepsy (five). In future, automatic HFO detection needs to be performed on complete tEEG recordings for patients with clinical seizures, patients with epileptiform activity but no seizures, and patients with neither epileptiform activity nor seizures. Such quantification of the presence of HFOs in between seizures (versus immediately preceding seizures) would allow conclusive assessment of the potential of using HFOs as an early predictor for seizure onset detection purposes. In order to create a separate automatic HFO detector several promising directions are currently pursued by our group. First, EEF may be used to detect HFOs if it is applied to power in individual or combined HFO bands (gamma activity, ripples, fast ripples) rather than to power across the spectrum as was done for seizure onset detection on tEEG data from the animal model [10] and human patients with epilepsy [11] . Second, the GLRT may be used to create an anomaly detector treating the HFO as a transient signal superimposed on a time-varying autoregressive background in order to localize events of interest. The localized event could be considered a wide-sense stationary process allowing a subsequent hypothesis test based on the frequency spectrum or detecting an oscillatory waveform characteristic of an HFO.
Conclusions
This paper reviews recent advances in HFO and seizure onset detection using tEEG via TCREs. Obtained results show feasibility of recording HFOs and detecting seizure onset early and reliably. Further improving tEEG based seizure onset detection using features derived from the automatically detected HFOs may be a key to development of better noninvasive diagnostic, therapeutic and alerting systems to alleviate the burden of epilepsy.
